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Abstract

A model is proposed to account for

the observed strengthening behavior of

ferrous martensites. The model is based

upon the inheritance of carbon rich regions

by the martensite which were present in

the austenite prior to transformation.

These carbon rich regions strengthen the

martensite in a manner analogous to the

strengthening effect due to a finely

dispersed second phase.



Introduction

Ferrous martensite is formed by a nucleation and shear mechanism

when austenite is cooled,at a rate wwhiah is fast enough to suppress the

formation of pearlite, below a critical temperature (Ms). Although the

(1,2)
mechanism of the transformation process appears to be well understood,

the mechanism responsible for the observed high strengths exhibited by

ferrous martensites is uncertain.

in this paper, a model is proposed to account for the strengthen-

ing of ferrous martensite.

Model

The maximum solubility of carbon in austenite is 1.98 wt. per gent

as compared with a maximum solubility of 0.025 wt. per cent in ferrite.

Prior to transformation, the carbon in the austenite is nonuniformly

distributed. In addition to the statistical type of composition fluc-

tuations and undissolved carbides, the carbon segregates at dislocations,

sub-boundaries, twin boundaries, grain boundaries, and other structural

defects in the austenite. As Will be shown later, this segregation

results in regions in the austenite, particularly around dislocations,

that have many times the nominal carbon composition of the steel. 'As

the austenite is cooled, the equilibrium* composition of these carbon

rich areas increases. When the austenite is cooled to the Ms tempera-

ture and below, the nucleation and shear transformation occurs. As the

transformation interface moves through the structure, the defect struc-

ture present in the austenite is destroyed. The transformation is,
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however, so rapid that the carbon which has segregated about these

defects cannot diffuse away, and is inherited by the martensite. Indeed,

one would more reasonably expect the formation of a carbide rather than

the disappearance of these carbon-rich areas.

The martensite has, therefore, regions which contain many times

greater carbon••content than the nominal carbon composition. Since these

regions exist in what already is a super-saturated solid solution of

carbon in iron, these areas --are either highly strained, or form carbides.

Due either to the high localized strain or to the carbide formation, the

elastic constants of theese areas should increase as compared to the re-

mainder of the martensiteo If one now considers the movement of disloca-

tions through the martensite, the effect of these regions upon dislocation

motion should be similar to that due to a finely dispersed second phase.

Martensite may be considered, on this basis, as an alloy containing

finely dispersed regions which act in a manner similar to that of a

dispersed second phase. The geometry of this dispersion is dictated by

the nature and degree of carbon segregation about defects, and by the

distribution of the defects in the austenite prior to transformation.

Calculations

1) SefqýLtion of Carbon in Austenite

It is assumed that the major cause-of localized.segregation of

carbon in austenite is due to atmosphere formation about dislocations.
• .::, • ~(3) .. • "

Adopting the method of Cottrell; and Bilby, the degree and character

of the segregation of carbon around edge type dislocations in
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austenite due to hydrostatic interactions is calculated.

The hydrostatic interaction energy,7V2, between the carbon

atoms and edge dislocations is given by:

(1)

e 5 x I-24 3

where L= 1.55 x 10 cm , volume change due to the addition of
one carbon atom to the lattice.

/ = 8.8 x 10" dynes/cm2 shear modulus of austenite
= 2.58A, Burger's vector of' the dislccation
= 0.3, Poisson-s ratio

Sand r are the posi.tion 'coordinates relative to the dislcca-
tion. lime, oc being measured from the slip direction.

Y, dislocation coreradius. -

The atmosphere segregation of carbon about the disic7aticn,

therefore, follows the distribution function:

C C exK [-V-1)\/

where 'C is the- carbon concentration at position rje, ard C0

is the equilibrium concentration of carbon in the lattice, k is

Bcltzmann's constant, and T is the absolute temperature.

-sing the valuesj: 0 = 3c , since the maximum interacti,:,n cccur:-
2 directly below the dislocation line

and T Ms" temperature in equations (1) and (2),

the ratio of C/co asi, a functio.n of r directly below the dislocation

line was calculated and is shown in Big. 1. for several typical

values of M 0 o "

2) Volume Fraction of Carbon Rich Reqions.

The volume fraction of carbon rich regicns in the martensite is

the product of the iength of dislocation-lines per cm3 in austenite

or the dislocation density, , times the cross sectional. area o,
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the carbon atmosphere about the dislocation lines where the carbon

content is significant. The cross sectional area of the atmosphere

is calculated as the semicircular area under the edge dislocation

whose radius is given by the distance below the dislocation where

the carbon concentration is at least 2.5 wt. per cent, or 10 at.

per cent carbon. This radius is given by solution of equation (2)

for a particular nominal carbon concentration in the steel. In Fig,

1, a line is shown which'.gives the Cico value requi~red-to prcduce

.2.5 wt. per cent carbon as a. functioin of the nominal.*'carbon content

of the steel. One may therefore determine from Figo 1 the radius of

the atmosphere knowing the nominal carbon content of the steel and

it• M. temperature assuming that the atmosphere reaches equilibrium

concentration prior to transformation.,.

The fraction of the origihal solute; F,.-which -'has .se~gregated

to the dislocations in any time, t,..follbws' the equation
S. : .. . . % , :,•,• •" /3 •"i,

F = 1 . . \ . 1+ (3)

where D is the diffus'ion rate of c arb on' in austenite.. From. this

equation it is obvious tha-tin .the. case..of .plain carbon and low

alloy steels where the M. is sufficiently high, the equilibrium ... .'5. . ..

': €~~.. . . ... •. .:..v, :..

atmosphere forms. completely almost':"instantan~eously about the dis- .

• . ~ ~~~. . . .... ...... :..-.

locations ( 1 sec. at 5.00 0 C) , and is"'pre'eent prior to. transforma-

tion. For those alloys where'the.Ms.temperature is reduced -to room

temperature and below, the time to 'form a complete equilibrium

atmosphere increases, and either some evidence of a quenching rate



-5-

effect upon the atmosphere or the formation of atmospheres

characteristic of some higher temperature might be found.

The volume fraction, f, of the retained carbon atmosphere in

martensite'is. therefore given by the relation:

where.ra is the atmosphere radius and is the austenitic

dislocation 'density.

.3'ý Yield Strength Of Martensite
S, - }4 :(5)

'Ansel1.has derived on the basis of dislocation theory that.,

for resolved stresses, the yield .strength Q-y.s. of an alloy contain-

ing a,ý dispersion of second-phase, spherical particles of less t'han

.OOA diameter is, given by the relation:

where. is the.shear modulus of the dispersed phase ind' wh"

the increment of qt-ress due to work hardening betve~n the strain
associ.aced with frst yielding iand the stran of 'the.'measured " -

yield stress.

When the volume fraction, f, of the dispersed "phase. is ,'very

,small, as in the case of martensite, this equati6n may~be rewri-t•.en.'-

.. is --pr 12. d"'' -"e ' /M.. .; "." : . .(.) ' "...''l•" '" " " (6).'"/
where J.,is approximately 3 x 1012 dynes/cm2 .

"For unresolved, stresses the yield strength. of martensite is

therefore given by the"equation:. '. ' ' . "... .. i3X :



Discussion and Conclusions,

The calculations based upon the proposed model predict~essentially

the same strength dependence on carbon content as has been predicted by
(6)

other models. The model., hcwever,.additionally prediCtS that the gtrength

of ferrous martensites is aensiti-,:e to both the defec7t structure'cf the

austenite prior -to trans formati on. and the temp.eratuxr-e at which the

auý;tenite trar sfcrms, to martensite.

J. t is the ef fec t o f the r- r or au:ýýt. enir.ic:c -:ubs,_tructure ~n the p rc7per-

ties cf ferrous martensýite which makes this model. unique. The mcdel,

therefore, readily expq)lains the effects observed in the 1use c~f the aus±%orm

process in the production of a marter.5itiLc structure with increas--ed

strength and ductility as compared 4,rth -the pr,7pe-tties cf martens:Lte
(7)

prodluced by the normal quench and temper pFrr.,cess.

Although it cannct be demonstrated that the strength of- ferrous,

-mnarten E.1tes is- u'niquely expla...ee in thdis manner, thio approach ;ýhoA ý.l

*be consýidered asý one alternat:L-ve mechanismn which c acz, unt for t1he

observed strengthening behavior of. f~rrc~us martenr-,ite.
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FIGURE CAPTIONS

Figure 1. The ratio of carbon segregation as a
function of distance directly below
a dislocation line is shown for several
typical values of Ms. A line is drawn
to indicate the ratio of segregation
required to produce 2.5 wt. per cent
carbon segregate as a function of
nominal carbon content.
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